Patterns of mantle flow are most directly inferred from observations of seismic anisotropy, which is mainly caused by the crystallographic preferred orientation (CPO) of olivine, the most abundant mineral in the upper mantle. CPO is generated by high temperature ductile deformation, which often yields predictable relationships between the elastic or seismic properties of a material and the kinematics of flow. Over the last 15 years there has been a wealth of new data describing the how olivine CPO forms and evolves as a function of deformation conditions and strain magnitude. In this review, we explore the relationships between deformation, the evolution of CPO, and the development of seismic anisotropy, from the perspective of experimental rock mechanics. We first review the experimental basis for the study of olivine CPO evolution from the formative studies in the early nineteen sixties through recent advances. We then review some emerging complications to the study of CPO evolution, such as the long-lived transient CPOs that arise from changes in deformation kinematics, mechanisms, and conditions. Finally we discuss the origins of seismic anisotropy and the challenges of interpreting seismic anisotropy in terms of mantle flow.
constraints to the thermal and chemical history of the planet and the physical processes that are the foundation of plate tectonics. The study of mantle flow has benefited from the integrated effort of scientists from disciplines spanning the earth sciences. In this review, we will provide an overview of the interpretation of mantle flow from seismological observations while highlighting the perspective provided by experimental rock deformation.
By the mid-20th century, a growing body a literature demonstrated that olivine-rich rocks often exhibit a crystallographic texture. This texture was recognized by the systematic relationship between olivine's crystallographic axes and the macroscopic foliation of the rock (Andreatta, 1934; Turner, 1942) , a feature now widely described as crystallographic preferred orientation (CPO) or lattice-preferred orientation (LPO).
1 In many cases olivine grains are oriented so that the
[010] crystallographic axes are clustered normal to the schistosity or compositional banding, while the [100] and [001] axes are distributed in a girdle within the foliation plane, producing a texture that is axially symmetric (Brothers, 1959) . Although both igneous and metamorphic origins of these microstructures were proposed, by the 1960s it was generally concluded that most CPO was generated by plastic deformation and recrystallization under sub-solidus conditions (Christensen and Crosson, 1968; Turner and Weiss, 1963) . Around the same time, laboratory measurements began documenting the orientation dependence of seismic wave velocities in olivine (Birch, 1960 (Birch, , 1961 Verma, 1960) . In experiments on olivine single crystals, compressional waves were shown to travel fastest parallel to [100] and slowest parallel to [010] , reflecting anisotropy in excess of 24% (Verma, 1960) . In polycrystalline samples of dunite and olivine-rich harzburgite similar trends were observed, with the slowest velocities recorded in orientations parallel to concentrations of [010] axes. Although the magnitude of compressional wave anisotropy is smaller in polycrystalline materials, ranging from 3-10% (Birch, 1961) , the potential significance of olivine CPO as a source of anisotropy in the mantle was clear.
A major conceptual advancement, linking mantle flow, olivine CPO, and seismic anisotropy was first proposed by Hess (1964) . In this seminal work, Hess discussed results by Raitt (1963) and Shor and Pollard (1964) , which described azimuthal variation of horizontally propagating seismic wave velocities near the Mendicino and Molokai fracture zones in the Pacific Basin. The fastest directions of wave propagation were those parallel to the strike of the fracture zones, which was also interpreted to be the direction of mantle flow. Citing the petrofabrics described by Turner (1942) and the experimental results of Verma (1960) , Hess suggested that the seismic anisotropy could be attributed to the tectonically driven shear deformation of olivine. This fundamental idea established the basis for 50 years of study on the flow patterns in Earth's mantle.
Over the last several decades two basic approaches, illustrated schematically in Fig. 1 , have been used to advance the study of mantle flow. The first approach, which we will call the inverse approach, uses as its starting point seismological observations. Seismic anisotropy at the plate scale (e.g. Ekstrom and Dziewonski, 1998; Nishimura and Forsyth, 1989; Tanimoto and Anderson, 1985; Wolfe and Solomon, 1998; Yuan and Romanowicz, 2010 ) is related to micro-scale or continuum descriptions of CPOs, which may be derived from rock physics experiments (Bystricky et al., 2000; Jung and Karato, 2001; Nicolas et al., 1973; Zhang and Karato, 1995) geological observations (Ben Ismail and Mainprice, 1998; Christensen and Lundquist, 1982; Mercier and Nicolas, 1975; Nicolas and Christensen, 1987; Nicolas et al., 1971) , or microphysical modeling (Chastel et al., 1993; Kaminski and Ribe, 2001; Ribe and Yu, 1991; Tommasi et al., 2000; Wenk and Tomé, 1999; Wenk et al., 1991) . The relationship between the inferred CPO and the kinematics of rock deformation is used to constrain patterns of mantle flow in the tectonic setting of interest Karato et al., 2008; Long and Silver, 2009; Mainprice and Silver, 1993; Nicolas and Christensen, 1987) .
The second approach, which we will call the forward approach, uses as its starting point a numerical model for mantle flow (Becker et al., 2003 (Becker et al., , 2006 (Becker et al., , 2008 Blackman and Kendall, 2002; Castelnau et al., 2009; Conrad and Behn, 2010; Faccenda and Capitanio, 2012; Kneller et al., 2005; Tanimoto and Anderson, 1984; Tommasi, 1998) . The flow model is coupled to a conceptual or numerical model for CPO evolution, parameterized through comparison with geological observations or laboratory experiments (Castelnau et al., 2008; Kaminski et al., 2004; Tommasi et al., 2000; Wenk and Tomé, 1999) . The CPO generated in this manner is used to forward model mantle anisotropy using data on mineral elasticity . Comparison between the forward model and seismological observations is used to test the validity of this approach (Becker et al., 2006 Conder and Wiens, 2007; Conrad et al., 2007; Ito et al., 2015) .
In both the inverse and forward approaches there are several layers of assumptions that must be made. Among the most critical are the relationships between flow and the evolution of CPO. CPO is not a simple property of materials, and varies in strength, symmetry, and orientation as a function of composition; strain magnitude, path, and geometry; stress; temperature; pressure; and deformation mechanism (e.g. Karato et al., 2008; Mainprice, 2015) . Moreover, CPO may evolve slowly with progressive strain and may not be in equilibrium with the instantaneous strain field, particularly under continents and near plate boundaries (Becker et al., 2003 Boneh et al., 2015; Castelnau et al., 2009; Conrad et al., 2007; Kaminski and Ribe, 2002; Skemer et al., 2012) . For these reasons the relationships among mantle flow, CPO, and seismic anisotropy are non-trivial and geodynamic interpretations must be evaluated critically.
There have been several recent reviews related to these topics. The reader is directed to Mainprice (2015) for a review of the underlying mineral physics of mantle seismic anisotropy, to Karato et al. (2008) for a discussion of the relationships between olivine fabrics and mantle geodynamics, and Long and Silver (2009) and Long and Becker (2010) for reviews of the state of understanding of mantle anisotropy. In this paper, we will focus mainly on the experimental perspective, reviewing the experimental basis for the generation of olivine CPO, with particular emphasis placed on the importance of the evolution of CPO as a function of deformation conditions. In Section 2 we review experimental studies of CPO evolution from the early nineteen sixties to the present. In Section 3 we discuss some details of CPO evolution, in particular the transient CPOs that arise from changes in deformation kinematics, mechanisms, and conditions. In Section 4 we review the origins of seismic anisotropy and discuss the specific challenges of interpreting seismic anisotropy in terms of mantle flow.
2. Experimental studies of olivine CPO 2.1. Experimental studies With the emergence of plate tectonic theory came renewed interest in the constitution and rheology of the mantle . Rock deformation experiments sought to understand both the rheology of plausible upper-mantle compositions and the microstructures produced by deformation. Microstructure, including CPO, is a key to relating processes observed in the lab to processes in nature. Comparison of microstructures formed in these two different environments helps to validate the extrapolation of laboratory flow laws to geologic time scales, providing a framework for interpreting seismic anisotropy.
Some of the first high-pressure and temperature deformation experiments on olivine were performed by Raleigh (1963) . Detailed microstructural observation, including analysis of slip bands, deformation 1 In geophysical literature CPO and LPO are used synonymously, although there is some regional preference in their application. As the term "lattice" is more ambiguous than "crystallographic," we have a slight preference for CPO and will use this term throughout the present review. lamellae, and kink bands, led to the identification of several unique crystallographic slip-systems, 2 the relative activity of which was determined to be sensitive to both temperature and strain-rate (Raleigh, 1968) . At the highest temperatures (~1000°C), slip was inferred to occur primarily on [100]{0kl}, while at lower temperatures slip was accommodated by various slip systems with a [001] Burgers vector. Raleigh's experiments were also able to reproduce (100) tilt walls, which had been previously identified in naturally deformed samples (Raleigh, 1965) . Subsequent work by Carter and Ave Lallemant (1970) built on these findings by expanding the range of deformation conditions to 1400°C and 3 GPa confining pressure. The slip systems identified by Carter and Ave Lallemant (1970) were similar to the findings of Raleigh (1968) , with the additional identification of the [100](010) system at temperatures in excess of 1100°C.
A companion paper by Ave'Lallemant and Carter (1970) explored the significance of the deformation microstructures, concluding that olivine at mantle conditions deforms primarily by dislocation glide and climb, and syntectonic (dynamic) recrystallization. Ave 'Lallemant and Carter (1970) also presented the CPOs from the associated experimental study, which were measured using a universal-stage microscope. Like most rock deformation experiments at this time, the geometry of deformation was triaxial compression (Fig. 2a) . In this configuration, σ 1 N σ 2 = σ 3 where σ 1 is the maximum compressive stress and is parallel to the axis of shortening; σ 2 and σ 3 are the intermediate and minimum compressive stresses respectively, and are oriented in an axial plane that is perpendicular to σ 1 . The equivalence of two principal stresses in a triaxial experiment means that grains aligned by slip do not favor any particular direction within the axial plane (Fig. 2b,c) . Hence, in triaxial compression, the textures that arise from the activation of (010)[100] at high temperature are axisymmetric, with [010] point maxima parallel to the compression axis and girdles of [100] and [001] axes perpendicular to the compression axis.
A series of experiments published by Nicolas et al. (1973) corroborated the basic findings of Ave 'Lallemant and Carter (1970) Zhang and Karato (1995) .
(b) CPO is illustrated by pole figures of crystal orientation using the same reference frame and data as in (a). (c) Rock deformation is illustrated using an EBSD dataset from Hansen et al. (2011) . Colors correspond to crystallographic orientation while black and yellow lines mark grain and subgrain boundaries, respectively. (d) Geodynamic and seismological data are illustrated in this cartoon after Karato et al. (2008) , showing plausible paths of mantle flow in subduction zones, and some of the corresponding shear wave splitting observations. In the inverse approach (orange arrows) observations of seismic anisotropy are compared to particular CPO patterns from experiments or natural samples. These CPO patterns are used to infer deformation conditions, mechanisms, and kinematics, which are then used to interpret mantle-scale flow patterns. In the forward approach (blue arrows) numerical models are used to simulate mantle flow at the macroscopic scale. Micromechanical models of CPO evolution simulate the development of seismic anisotropy, which can then be compared with observation.
a glide mechanism, the slip direction is parallel to the Burgers vector. Square brackets denote crystallographic directions. Parentheses and curled brackets denote crystallographic planes and sets of crystallographic planes, respectively. We use the standard Miller index notation for crystallographic orientations.
[100]{0kl} refers to slip in the [100] or "a" direction on a several slip planes {0kl}, where k and l refer to several combinations of low-index crystal orientations.
up to linear strains of ε = 0.58 demonstrated that CPO strengthens with progressive strain. While the strength of the CPO increased, the symmetry and orientation of the CPO from lower strain experiments was preserved at larger strains. Zhang and Karato (1995) were the first to generate olivine CPOs in simple shear, using a gas medium apparatus and a direct-shear assembly (Fig. 2c) . CPOs from these experiments exhibit orthorhombic symmetry, reproducing many of the observations from ophiolites, xenoliths, and alpine-style massifs (Mainprice and Silver, 1993; Ben Ismail and Mainprice, 1998; and references therein) . Similarly to the observations of Nicolas et al. (1973) , CPOs strengthened with progressive strain (Zhang et al., 2000) . However unlike the results by Nicolas and coauthors, the CPO is observed to rotate systematically. At low strains, olivine [100] axes follow the trajectory of the major axis of the finite strain ellipse, which is initially oriented at a 45-degree angle to the shear direction. When shear strains exceed γ~1, the orientation of olivine [100] axes deviates from the orientation of the finite strain ellipse and becomes aligned with the shear direction (Fig. 3) . The orientation of olivine [010] axes follows a complementary path, becoming aligned with the normal to the shear plane at large strains. One notable observation from this study is that the rotation of the olivine CPO is temperature dependent. The CPO of experiments at 1300°C becomes aligned with the shear direction at shear strains of γ~1. However the CPO of experiments at 1200°C remains oblique to the shear direction by about 20°, over the same range of strains. Along with data on the temperature dependence of slip system activity (Carter and Ave Lallemant, 1970; Raleigh, 1968) , these results by Zhang and Karato (1995) indicate that CPO evolution is a temperature dependent phenomenon.
The maximum shear strain achieved in Zhang and Karato's (1995) direct shear experiments was limited to γ = 1.5. Experiments by Bystricky et al. (2000) took advantage of a newly designed Paterson apparatus with a torsional actuator (Paterson and Olgaard, 2000) (Fig. 2d) to generate shear strains in olivine up to γ = 5.0. The textures generated in this study exhibit strong clustering of [100] axes parallel to the shear direction and girdles of [010] and [001] perpendicular to the shear direction, reproducing the texture predicted by Raleigh (1968) and observed in some natural samples (texture with this symmetry is sometimes referred to as "pencil glide.") CPO in the experiments by Bystricky et al. (2000) strengthened with progressive strain, however the [100] axes remained parallel to the shear direction throughout the range of strains, and did not exhibit the progressive rotation with strain observed in the experiments of Zhang and Karato (1995) (Fig. 3) .
Experimental studies (2001-present)
The last 15 years have seen rapid progress in the experimental study of CPO evolution. New rock deformation apparatus, including the torsional Paterson apparatus (Paterson and Olgaard, 2000) , Rotational Drickamer Apparatus (Yamazaki and Karato, 2001) , and the D-DIA apparatus (Wang et al., 2003) , have expanded the range of deformation conditions that can be achieved experimentally. The commercial availability of electron backscatter diffraction (EBSD) systems has made routine the process of measuring CPO, even in highly deformed, finedgrained materials (Prior et al., 1999) . During this period, a broad range of experimental studies has explored the effects of deformation conditions, including water, temperature, pressure, and stress, on slipsystem activity and olivine CPO formation.
A major advancement in the recent study of mantle CPOs was the discovery that olivine can adopt several previously unrecognized CPO configurations, depending on the thermodynamic conditions of deformation. Jung and Karato (2001) and Katayama et al. (2004) identified three new olivine CPO types; along with the CPOs described by Zhang and Karato (1995) and Bystricky et al. (2000) these are now commonly referred to as A, B, C, D, and E-type olivine fabrics (Fig. 4) (Couvy et al., 2004; Raterron et al., 2009) . Apparent "B-type" fabrics can also be generated when melt and solid in partially molten rocks experience different deformation kinematics (Holtzman et al., 2003) , or arise due to the preservation of relict fabrics from previous deformation events (Boneh et al., 2015) . Because of the distinct relationship between the olivine crystallographic axes and the kinematics of shear, each olivine CPO generates its own unique anisotropic signature (Jung et al., 2006) . These CPOs have been widely cited as possible explanations for various seismological observations in the upper mantle, including observations of trenchparallel anisotropy (e.g. Long and Silver, 2009 ). For further details on the origins and seismological significance of these olivine fabrics the reader is referred to the review by Karato et al. (2008) .
Transient CPOs and the evolution towards steady state

Predicted steady state CPOs
CPO is a dynamic property of materials, which evolves through a combination of deformation and recovery processes. Simple interpretations of seismic anisotropy in terms of mantle flow require the assumption, often implicit, that CPO has reached a predictable steady-state configuration and that steady state is achieved faster than the rate at which deformation conditions or kinematics are changing.
Experiments and theory predict that steady-state olivine CPO is a function of slip system activity, the geometry of deformation, and the microphysics of dynamic recrystallization (Kaminski and Ribe, 2001; Karato, 1988; Karato et al., 2008; Tommasi et al., 2000) . Under most conditions, olivine CPO is observed to evolve towards a kinematic reference frame (Karato, 1987; Nicolas and Christensen, 1987) in which the dominant crystallographic slip direction is aligned with the direction of maximum extension and the dominant crystallographic slip plane is aligned perpendicularly to the direction of shortening (Fig. 4 ). In the Zhang and Karato (1995) , is initiated with a random texture. A modified D-REX model (Boneh et al., 2015) , which is parameterized through comparison with the experiments of Boneh and Skemer (2014) , is shown as a series of blue lines. This latter set of models is initiated with a strong pre-existing A-type texture, which is rotated into several starting orientations (initial values for ϕ = 15; 30; 45; 75; 105; 135°) to simulate two stages of deformation. Experiments, natural samples, and models are in broad agreement: even at moderate to large shear strains, there may be considerable obliquity between the orientation of the seismically fast olivine [100] axes and the direction of shear.
specific case of simple shear deformation, which likely dominates platedriven flow in the asthenosphere (Hager and O'Connell, 1979) , the crystallographic slip direction rotates towards the shear direction and the crystallographic slip plane rotates towards the shear plane. However there are several factors that modulate the rate of CPO evolution, and textures in nature may be far from steady-state. In this section we define some criteria for determining whether steady-state texture is achieved, and discuss some factors that influence the rate of CPO evolution.
Criteria for identifying steady state CPO
CPO in steady state is unmodified by progressive deformation. To determine whether steady state is achieved, observations must show that identical CPOs are generated or found over a range of strains. To form the basis for comparison, CPO may be characterized using a number of tools and quantities. Most commonly, CPO is represented by pole figures, which show in stereographic projection the alignment of grains with respect to some external reference frame. More generally, CPO may be represented by an orientation distribution function (ODF), which describes the distribution of grain orientations as defined by a set of Euler-angle rotations (e.g. Bunge, 1982) . In the Earth sciences graphical representations of CPO, such as pole figures, are preferred for the ease with which they can be interpreted. Qualitative descriptions of pole figures are widely used to assess similarities or differences between CPO. However for robust comparison of CPOs, quantitative measures are desirable.
A common quantity associated with CPO is its "strength" or the degree to which grains are aligned in the aggregate. Rocks with weak CPOs have grains with orientations that are distributed in a nearly uniform manner. Rocks with strong CPOs have grains that are highly aligned. There are several widely used metrics for describing CPO strength, but all exhibit a simple monotonic relationship with the magnitude of seismic anisotropy (Mainprice et al., 2014) . Other quantities may be used to describe the symmetry of texture. For example, an eigenvalue approach described by (Vollmer, 1990) can be used to assess the degree to which pole figures are characterized by point maxima, by radially symmetric girdles, or by uniform distributions of crystallographic orientations (e.g. Boneh and Skemer, 2014; Higgie and Tommasi, 2012; Soustelle et al., 2010) . Finally, simple quantitative measures can also be used to describe the orientation of CPO, for example the angle between a cluster of grains and a kinematic reference frame (Kaminski and Ribe, 2001; Skemer et al., 2012; Warren et al., 2008; Zhang and Karato, 1995) . For CPO to be described as steady state, we assert that each of these quantities -strength, symmetry, and orientation of CPO -must also be in steady state.
Texture evolution due to changes in deformation kinematics
In deformed rocks, CPO develops mainly through the incremental accumulation of strain. In the simple case where strain accumulates linearly and each strain increment is identical, CPO development is relatively straightforward. For example, in the study by Zhang and Karato (1995) , the starting material was hot-pressed, isotropic, polycrystalline olivine, and experiments to various strains were performed using a constant deformation geometry and strain-rate. Under these conditions, olivine CPO is observed to strengthen and rotate with progressive strain in a predictable way, and becomes aligned with the shear direction at relatively small shear strains (Fig. 3) . Numerical models such as D-REX, when calibrated to the Zhang and Karato (1995) results, also develop strong, well aligned CPOs at relatively small strains (Kaminski and Ribe, 2001 ). However there are many scenarios in nature where strain histories are complex, and CPO is correspondingly affected. When changes in CPO lag significantly behind changes in kinematics, interpretation of seismic anisotropy must be modified accordingly (Boneh and Skemer, 2014; Boneh et al., 2015; Kaminski and Ribe, 2002; Lassak et al., 2006; Li et al., 2014; Skemer et al., 2012) .
Shear zones that intersect larger bodies of previously deformed rock provide an opportunity to assess two sequential stages of deformation, effectively serving as a large-scale rock deformation experiment. Studies in the Josephine Peridotite (Southeastern Oregon, United States) Fig. 4 . Diagram illustrating the spectrum of olivine CPOs expected to form for a range of stress states and slip-system activities. Slip directions (i.e. the Burgers vector for the dominant slip system) are assumed to align with the direction of maximum extension, and the slip planes are assumed to align perpendicularly to the direction of maximum shortening. In these simplified pole figures, only point maxima and girdles are shown and the relative strength of these features is not depicted. A-through E-type CPOs refer the CPOs formed in simple shear when one of five slip systems dominates. The same slip system activity will yield different CPOs when the deformation is not simple shear, which are not properly referred to as "A-to E-type". Pole figures are cartoon illustrations of expected steady state CPOs, with smaller gray circles representing point maxima, and gray bands representing girdles of crystal orientations. Skemer et al., 2010; Warren et al., 2008) and in the Red Hills (New Zealand) (Webber et al., 2010) suggest that the re-orientation of CPO in rocks with pre-existing texture requires larger strains than one would expect based on the observations by Zhang and Karato (1995) and other experimental studies (Bystricky et al., 2000) . In Warren et al. (2008) and the authors describe a 40 m wide zone of localized deformation that intersects at a high angle a larger ophiolite tectonite. The pre-existing fabric in the Josephine peridotite has a foliation that is sub-horizontal while the shear zone is nearly vertical. Deflection of the original compositional foliation by the shear zone provides a precise record of the strain magnitude during the second stage of deformation. Rocks from across this shear zone exhibit a range of deformation histories. Each sample is assumed to have experienced the same first stage of deformation, but the magnitude of shear strain imposed by the second stage of deformation varies with position across the shear zone. When the second stage of deformation is relatively small (i.e. near the margins of the shear zone), CPOs are minimally altered from the first stage of deformation. These samples still exhibit a strong texture, albeit one that is oriented at a high angle to the kinematics of deformation. At moderate strains (γ = 2-4) olivine [100] axes have rotated, but are still oriented at a high angle to the shear direction, indicating that the CPO has not reached the presumed steady state (Fig. 3) . Samples that have experienced the largest strains during the second stage of deformation (γ N 4) have a CPO that is aligned in a sensible way with the shear zone kinematics. The strength of the CPOs is found to be highly variable, and exhibits no obvious trend as a function of strain. Symmetry also continues to evolve as a function of shear strain. . Based on these observations, and comparisons with experimental data, the authors conclude that CPO evolution is protracted, and likely influenced by the pre-existing texture.
Recent experiments by Boneh and Skemer (2014) investigate directly the effect of deformation history on olivine CPO evolution. In this study, the starting material used is Åheim dunite, which has a moderately strong pre-existing texture. Experiments were conducted at high temperature and pressure (1200°C, 1 GPa) in a triaxial geometry (Fig. 2a) . Samples were deformed in three configurations, in which shortening was imposed perpendicularly, obliquely, and parallel to the pre-existing foliation. These three experimental configurations allowed the authors to simulate three different deformation histories. CPO was characterized by pole figures, and their strength, symmetry, and orientation. Although the maximum strains achieved in the triaxial geometry are relatively small (ε~0.7), the results reinforce observations from nature. In none of the sample configurations was CPO observed to reach steady state. Moreover, the evolution of CPO in each of the three configurations was distinct. Samples in the perpendicular configuration developed axially symmetric texture, consistent with theoretical predictions (Ribe and Yu, 1991; Wenk et al., 1991) and previous experimental studies (Nicolas et al., 1973) . Samples deformed in the oblique and parallel configurations developed more complex CPOs, reflecting the both the partial inheritance of the pre-existing CPO, and the difficulty of "resetting" CPO.
Subsequent numerical simulations by Boneh et al. (2015) , using DRex and VPSC models, have identified many trends that reinforce the experimental and geologic observations described above. Models that are initiated with a pre-existing texture require greater strain (in many cases 3-5 times the strain magnitude) to approach steady-state than models initiated with a uniform texture. Moreover, models initiated with pre-existing texture exhibit a wide spectrum of behavior, depending on the specific orientation of the pre-existing texture (e.g. Fig. 3) . Comparison between models and experiments suggest that models are broadly successful at reproducing the symmetry and the orientation of the experimental CPO. However there are some notable exceptions described in Boneh et al. (2015) , in which models predict CPO with anisotropy that is perpendicular to the comparable experimental observation. In comparison to experimental and geologic observations, models tend to evolve quickly and generate CPOs that are relatively strong at low strains. This is particularly true when the models are parameterized through comparison with experiments initiated with uniform textures (i.e. Zhang and Karato, 1995) . To some extent, rapid evolution and overly strong textures can be suppressed by modifying the parameters used in the models (see Boneh et al., 2015 for details) or by introducing new schemes for simulating dynamic recrystallization (Signorelli and Tommasi, 2015) . (Hirth and Kohlstedt, 2003) , dislocation accommodated grain boundary sliding (disGBS) (Hansen et al., 2011) , and low temperature plasticity (Mei et al., 2010) . Flow laws are calculated at a temperature of 1200°C assuming a "dry" rheology. Black lines are contours of constant strain-rate. White lines bound regions where greater than 65% of the total strain rate is accommodated by a single deformation mechanism. Between these domains there is a significant contribution (i.e. N35%) from secondary deformation mechanisms. Colors show the relative fraction of deformation accommodated by the disGBS mechanism ð _ ε disGBS = _ ε total Þ. The dashed black line shows the piezometric relationship between steady-state recrystallized grain size and flow stress for olivine (Van der Wal et al., 1993) . (b) The fraction of total strain-rate for each deformation mechanism calculated at each point along the grain-size piezometer. The maximum contribution from the disGBS mechanism is 79%, at a grain-size of~5 μm. There are no conditions under which a single deformation mechanism contributes more than 80% to the total strain-rate, complicating the interpretation of CPO evolution in nature and in laboratory experiments.
Texture evolution due to changes in deformation mechanism activity
As with changes in deformation kinematics, changes in the relative activity of different deformation mechanism may initiate long transient intervals in which CPO evolves towards a new steady state.
Crystalline materials at high temperature may deform by several distinct mechanisms. The relative importance of these mechanisms depends on the grain-size and the deformation conditions. The range of conditions that favor a particular deformation mechanism are illustrated using a deformation mechanism map, which is calculated using empirically derived flow laws for each mechanism (Frost and Ashby, 1982) . Each deformation mechanism influences CPO evolution differently. Hence, a change in deformation mechanism may lead to evolution of texture towards a new steady state.
At high temperature, high stresses, and large grain-sizes, olivine deformation is accommodated mainly by dislocation creep (Fig. 5a ). Due to the inherent asymmetry caused by limited slip systems, dislocation creep generates strong CPOs with predictable relationships between the slip systems and the deformation geometry . When grain-size or stress is reduced, olivine undergoes a rheological transition, with deformation proceeding by dislocation accommodated grain-boundary sliding (disGBS). Deformation by disGBS involves the relative motion of grain-boundaries; irregularities in the grain boundary are relaxed through the motion of lattice dislocations. Most laboratory experiments are conducted under conditions where disGBS contributes significantly to deformation, and these experiments indicate that disGBS generates CPO in a similar way to dislocation creep (Hansen et al., 2011 (Hansen et al., , 2012 . Further reduction in grain-size and/or stress yields a second transition from disGBS to diffusion creep. During diffusion creep, grain-boundary sliding is also presumed to be important, however the accommodating mechanism is primarily diffusion and grainboundary migration. Without the asymmetry imposed by dislocation motion, it is generally assumed that during diffusion creep no CPO is generated, and pre-existing CPO should be progressively obliterated. Indeed, many fine-grained and highly deformed mylonites exhibit random or progressively weakening CPOs (e.g. Skemer and Karato, 2008; Wallis et al., 2011; Warren and Hirth, 2006) . However the influence of diffusion creep on CPO is still far from clear. Theory and observation each suggest that the randomization of CPO by diffusion creep may be quite inefficient and that pre-existing CPOs may be readily preserved at shear strains in excess of γ = 2 (Wheeler, 2009) . Some experiments have also shown the strengthening of olivine CPO during Newtonian creep, although in all cases a secondary phase is involved in texture development (Miyazaki et al., 2013; Sundberg and Cooper, 2008) .
One challenge for the interpretation of the relationship between texture and deformation mechanism is that several mechanisms may be operating simultaneously. To illustrate this point we return to the deformation mechanism map for olivine (Fig. 5a ). On this map is included the empirically calibrated grain-size piezometer for olivine from Van der Wal et al. (1993) . This line shows the expected relationship between steady-state grain-size and flow stress in a deforming, unannealed rock. We can examine the locus of points along this piezometer and ask what fraction of each deformation mechanism contributes to the total strain (rate) (Fig. 5b) . At 1200°C, the maximum contribution from disGBS occurs at a grain-size of 5 μm, corresponding to a flow stress of~400 MPa. At these conditions, disGBS contributes 79% of the total strain-rate, while dislocation creep and diffusion creep each contribute substantively to the remaining fraction (16% and 5%, respectively). At lower stress conditions, diffusion creep becomes less important, however dislocation creep and disGBS may contribute sub-equally to the total deformation rate. At no point along the trend of the grainsize piezometer does one deformation mechanism contribute more than 80% of the total strain (-rate).
Since each deformation mechanism modifies CPO in different ways, it is important to consider how CPO accumulates when multiple mechanisms are operative. Although there are little experimental data available, there is at least some indication that CPO evolution is slowed when diffusion creep and disGBS are suppressed. For example, Skemer et al. (2011) performed torsion experiments on coarse-grained dunite under conditions where dislocation creep was strongly favored. Examining the microstructural evolution in the unrecrystallized fraction the authors conclude that CPO evolution, specifically the rotation towards the shear plane, requires significantly larger strain than in the comparable experiments by Zhang and Karato (1995) (Fig. 3) . However in this type of study it is difficult to decouple the effects of grain-size and deformation mechanism, dynamic recrystallization, and pre-existing texture. Experiments by Hansen et al. (2014, see their Fig. 6b ) do exhibit a subtle decrease in CPO strength with decreasing grain size, potentially indicating the increased influence of grain-size sensitive deformation mechanisms at fine grain-sizes. We speculate that even small (~10% of the total strain-rate) contributions from secondary deformation mechanisms may contribute in a measureable way to the evolution of CPO. However, the exact threshold is unknown, and there is a clear need for further detailed investigations of the role of combined deformation mechanisms on texture evolution.
Texture evolution due to changes in thermodynamic state
As noted in previous sections, CPO evolution is strongly influenced by the thermodynamic state, including the temperature and pressure of deformation, and the concentration of small amounts of water. As the mantle convects materials are advected through a wide range of deformation conditions. For example, in the mantle wedge of a subduction zone, temperature, pressure, and water concentration may all change incrementally as the slab entrains mantle wedge material downward through the zone where the oceanic crust dehydrates (e.g. Cagnioncle et al., 2007) . If the strains required for CPO reorganization are large in comparison to the strain induced between each substantial change in the deformation conditions, the CPO will reflect the complexities of the deformation history (Lassak et al., 2006) . As such, interpretations of seismic anisotropy in subduction settings must consider both the complexities introduced by evolving deformation conditions, in addition to changes in the deformation kinematics.
The interpretation of seismic anisotropy
The rich detail now documented in the development of olivine textures suggests that information may be available beyond that typically sought in seismological studies. For instance, traditional estimates of flow in the upper mantle from seismic anisotropy only estimate shear direction without indicating the sense of shear (Hess, 1964; Tanimoto and Anderson, 1984) . However, it is possible that spatial variations in the orientation of anisotropy can indicate the shear sense, and therefore the sign of the velocity gradient (Skemer et al., 2012) . The scope of the information that can be retrieved depends on the degree to which details of the textural evolution can be resolved in observations of seismic anisotropy. Important aspects of relating texture to seismic observables include determining the relevant measures of anisotropy for a specific application, the micromechanical aspects of relating single-crystal properties to aggregate properties, and the link between texture and kinematics.
Calculating seismic anisotropy from texture
Forward modeling of seismic anisotropy requires conversion from a quantification of the microstructural state to elastic tensors for a representative volume element. This procedure is complicated by the nontrivial interactions of anisotropic grains in a polycrystalline aggregate and the spatial distribution and interconnectivity of secondary phases.
Assuming a sufficient number of grains have been sampled, individual measurements of grain orientations provide a first order estimate of the elastic properties of the aggregate. The elastic tensor of each grain is rotated into the sample reference frame, and the rotated tensors of all the grains are averaged according to a preferred effective-medium theory. Effective-medium theories for linear elasticity are bound by two end members, assuming either the elastic strain (Voigt bound) or the stress (Reuss bound) is homogeneous throughout the aggregate. These two bounds correspond to taking either the arithmetic mean or harmonic mean of the stiffnesses, respectively. Often these two bounds are then averaged arithmetically. (i.e. Hill, 1952) , referred to now as the Hill average.
Such methods have been used for several decades to successfully predict anisotropy and velocity in ultrasonic laboratory tests, employing texture measurements made with a universal-stage microscope (Babuška, 1972; Baker and Carter, 1972; Crosson and Lin, 1971; Fountain, 1976; Klíma and Babuška, 1968) . Notably, some ultrasonic studies of textured peridotites indicate that the aggregate anisotropy is best approximated using the Voigt bound (Crosson and Lin, 1971; Peselnick et al., 1974) . A similar conclusion has been drawn for plagioclase rich rocks (Seront et al., 1993) . However, because the CPOs in the samples measured in these ultrasonic studies tended to be of a single type, it remains unclear if the Voigt bound is the best predictor of the magnitude of anisotropy for all CPO types of interest.
The introduction of EBSD to the Earth sciences (Prior et al., 1999) has greatly simplified texture measurement and, therefore, calculation of seismic characteristics of textured rocks. ODFs can be quickly calculated from EBSD data, and the calculation of elasticity tensors from those ODFs easily automated, for instance with MATLAB toolboxes such as MTEX (Mainprice et al., 2011) or MSAT (Walker and Wookey, 2012) . Elastic properties calculated using EBSD data and Voigt, Reuss, or Hill averaging schemes are comparable to those measured with ultrasonic techniques in both metals and rocks. Comparison between EBSD data and ultrasonic tests in aluminum (Davis et al., 2008) and steel (Niehuesbernd et al., 2013) indicates EBSD sufficiently captures the inherent elastic properties as long as a large enough area is mapped to characterize heterogeneity in the microstructure. However, secondary features like fractures significantly influence the ultrasonic measurement but are not captured by EBSD. In a more sophisticated approach, Zhong et al. (2014) compared ultrasonic measurements to elastic properties calculated using a finite-element method with purely elastic rheology. EBSD data was used to explicitly define the microstructure in the finite-element discretization, including serpentine-filled fractures. The authors found significantly improved agreement with ultrasonic measurement compared to traditional averaging schemes, importantly noting that the fractures contributed to some of the anisotropy measured in the ultrasonic tests. In addition, although the Voigt average may be the best predictor of the magnitude of anisotropy, Zhong et al. (2014) found that the magnitudes of individual elastic constants are best approximated by the Hill average.
The presence of secondary phases in a rock further complicates the calculation of elastic properties. If the phases are evenly distributed throughout the rock such that the phase distribution is isotropic, a reasonable estimate of the rock properties can be obtained by first calculating the aggregate elastic tensors for each phase based on the ODF for grains of that phase, and subsequently taking the weighted arithmetically averaged of those tensors with a weight proportional to the volume fraction of each phase. This technique has been applied to both crustal rocks (e.g. Cao et al., 2014; Erdman et al., 2013; Tatham et al., 2008) and mantle rocks (e.g. Ben Ismail et al., 2001; Mainprice and Silver, 1993) . Notably, Tatham et al. (2008) applied this technique to lower-crustal rocks and demonstrated its usefulness in assessing the variation in seismic characteristics over a continuous range of rock types. This numerical modification of the secondary phase content has proved useful in laboratory-based studies in which, for example, samples are almost entirely olivine, but the seismic characteristics of olivine-pyroxene mixtures are desired (e.g. Hansen et al., 2014) .
If the phase distribution is not isotropic, further steps must be taken to calculate aggregate properties. If the material is made up of compositionally distinct layers in which the layers are isotropic, the layering induces hexagonal anisotropy (transverse isotropy) that can be estimated with the Backus average (Backus, 1962) . If the individual layers are themselves anisotropic, more sophisticated schemes are available for averaging elasticity tensors assuming fine-scale layering (Schoenberg and Muir, 1989) . If the microstructure is more complicated than homogeneous layering, a technique that explicitly accounts for the observed microstructure will be necessary, such as approaches based on the finite-element method of Zhong et al. (2014) .
Standard measures of seismic anisotropy
Given that elastic moduli are commonly described by fourth-rank tensors made up of 81 coefficients, 21 of which are independent, it is not surprising that a variety of methods exist for describing the magnitude and orientation of elastic anisotropy. A comprehensive review of terminology for elastically anisotropic minerals is given by Mainprice (2015) . Here we touch on a few of the most popular metrics.
Given a full stiffness or compliance tensor, it is straightforward to calculate the velocity of a P-wave and of the two polarized S-waves for any propagation direction using the Christoffel equation, (e.g. Schulte-Pelkum and Blackman, 2003) . As shown in Fig. 1 these velocities can be plotted on a stereonet in the crystallographic or geographic reference frame to visualize the details of anisotropy. Furthermore, the polarization directions of S-waves can be projected onto the plane of the stereonet, yielding a convenient method for predicting seismic observables such as the direction of shear-wave splitting (e.g. Holtzman and Kendall, 2010; Song and Kawakatsu, 2012) .
In addition to this visualization, the magnitude of P-wave anisotropy can be defined as a scalar by
and the magnitude of S-wave anisotropy for the two polarizations can be defined as dV S1 ¼ V S1; max −V S1; min V S1; avg ð2Þ
and
where the V P , V S1 , and V S2 are the velocities of the P-wave and two polarizations of the S-wave, respectively. The subscripts min, max, and avg indicate the minimum values, maximum values, and average values, respectively. These metrics are often less convenient for comparison to seismological models, which rarely include the full 3-dimensional dependence of P-and S-wave velocity on propagation direction. Often, anisotropic inversions of seismic data are cast in terms of the Love parameters, A, C, F, L and N (Anderson and Dziewonski, 1982; Love, 1927; Montagner and Nataf, 1986; Takeuchi and Saito, 1972) . These parameters are related to the coefficients of the stiffness tensor, C, by (in Voigt notation)
This formulation assumes that the medium is transversely isotropic (i.e., hexagonal symmetry) with a vertical symmetry axis (corresponding to the 3 axis). As noted above, olivine CPOs with transverse isotropy tend to form in compression tests, but CPOs formed in simple shear tend to have orthorhombic symmetry. In the special case of transverse isotropy, one S-wave will be polarized in the horizontal plane and the other will be polarized in the vertical plane. Thus, a common measure of anisotropy utilizing the Love parameters is the radial anisotropy,
which, to a first order, can be used to characterize the discrepancy between Love waves and Raleigh waves. Montagner and Nataf (1986) expanded the Love parameters to account for general anisotropy,
Furthermore, they introduced 8 additional terms that depend on the azimuth of the incident wave. The magnitude of azimuthal anisotropy is given by
Clearly, inversions of seismic data that assume transverse isotropy should be interpreted with care (Becker et al., 2006) , considering that the true anisotropy likely has lower degrees of symmetry, as evidenced by observations of CPOs in both naturally and experimentally deformed rocks (Ben Ismail and Mainprice, 1998; Christensen and Lundquist, 1982; Karato et al., 2008; Mainprice, 2015; Mercier and Nicolas, 1975; Nicolas and Christensen, 1987; Nicolas et al., 1971) . For instance, if a region in Earth were sampled by ray paths with a wide range of azimuths, a value for ξ calculated assuming transverse isotropy should be reasonably approximated by N/L in the latter set of equations. However, if the azimuthal coverage is poor, values of ξ will depend on the dominant azimuth sampled. Additional methods are available in which the stiffness tensor can be decomposed into components with different symmetries (Browaeys and Chevrot, 2004) . In this manner, one can evaluate the degree to which non-hexagonal components of the tensor contribute to the anisotropy, and therefore assess the validity of assuming transverse isotropy.
The symmetry of the texture developed during deformation may also lead to observable differences in seismic anisotropy. As described above, it is well documented that compressional deformation of dry olivine aggregates tends to produce textures that are transversely isotropic. Additionally, numerical simulations (Knoll et al., 2009) and recent experiments (Hansen et al., in prep) , demonstrate that extensional deformation also tends to produce transversely isotropic textures (e.g. Fig. 4) . However, axial compression yields values of ξ N 1 while axial tension case yields values of ξ b 1, assuming the loading axis is vertical. Additional complications arise when deformation is predominantly simple shear, as most simple-shear deformation yields monoclinic or orthorhombic textures. Although the strength of CPO and the consequent magnitude of ξ appears to saturate at large deformations in simple shear (Fig. 6 ), ξ will also depend on the orientation of the shear plane. For typical olivine A-type CPOs, vertical shear yields values of ξ b 1 and horizontal shear yields values of ξ N 1. Different olivine CPO types will yield different relationships between shear direction and ξ .
The magnitude and direction of shear wave splitting is another metric commonly derived from seismic data. The direction of the fast shear wave in a homogenous medium is determined from the elasticity (Hansen et al., 2014) . Seismic anisotropy is characterized by the magnitude of radial anisotropy, ξ, and the magnitude of azimuthal anisotropy, G. These values were calculated taking the shear plane to be horizontal and using Eqs. (5)- (7). Texture strength is quantified using the M-index, which is scaled from zero (uniform distribution of crystal axes) to one (single crystal texture) (Skemer et al., 2005) . Seismic characteristics are calculated from measured olivine textures assuming 40% of the sample volume is orthopyroxene with uniform texture. Although texture strength appears to increase continuously with strain, the magnitude of seismic anisotropy saturates at shear strains of γ = 5-10.
tensor. The Christoffel tensor, T, can be determined from the stiffness tensor and the propagation direction of the wave of interest, n, (Love, 1927, pp. 298-299) ,
The eigenvectors of T ik correspond to the polarization directions of the P-wave, the fast S-wave, and the slow S-wave, in order of decreasing eigenvalue. Determination of the delay time between the two shear waves depends on the distance traveled in the medium, but calculation of this value becomes convoluted once the elastic parameters vary along the ray path. Simple averaging schemes are possible for forward modeling delay times (Bonnin et al., 2012; Montagner et al., 2000) , but fullwaveform methods (Chevrot, 2006; Chevrot et al., 2004; Komatitsch and Tromp, 1999) are likely the most robust approach, allowing the dependence of back azimuth to be taken into account (Becker et al., 2012) . That said, full-waveform methods are computationally expensive and are largely in agreement with the simpler averaging methods when smooth tomographic models are implemented (Becker et al., 2012) .
Time-scales for the development of seismic anisotropy
As discussed in Section 3, the formation of CPO is not instantaneous but instead evolves over an increment of time (or strain). It follows, therefore, that the formation of seismic anisotropy is also time (or strain) dependent. Fig. 6 presents one example of the dependence of anisotropy on both shear strain and texture strength, which was measured in torsion experiments on olivine aggregates (Hansen et al., 2014) . In these experiments texture strength is found to increase with strain but also appears to reach a saturation point at shear strains greater than~10. This saturation point corresponds to a fabric strength of approximately M = 0.4, a relatively high value for a natural sample. Fig. 6 illustrates the dependence of the calculated seismic anisotropy on the measured texture, which, as initially pointed out by Ben Ismail and Mainprice (1998) , exhibits a clear non-linear relationship. As texture strength becomes increasingly strong, the corresponding increase in anisotropy diminishes. Fig. 6 also shows that the magnitude of anisotropy reaches an apparent steady state at shear strains of~5, faster than the texture strength appears to reach a steady state. This may reflect, in part, the challenge of using a single scalar measure to quantify CPO strength.
The evolution of seismic anisotropy will also depend on the strain path. If the kinematics of the deformation evolve, so will the texture. As the evolution of texture may lag significantly behind the kinematics, care must be taken in assessing flow direction from seismic anisotropy. As mentioned in Section 3.3, Boneh and Skemer (2014) and Hansen et al. (in prep) have documented the protracted evolution of anisotropy after marked changes in the kinematics are imposed in a laboratory experiment. These observations has been corroborated by numerical simulations (Boneh et al., 2015) . The timescale over which the magnitude and symmetry of anisotropy evolves is influenced significantly by the specific details of the deformation history. In the experiments by Hansen et al., (in prep) anisotropy is similar in samples deformed with complex kinematics (tension followed by torsion) and those deformed simply in torsion. However the orientation of anisotropy in samples initially deformed in tension does lag slightly behind those deformed solely in torsion. Collectively, these data suggest that most of the development of seismic anisotropy will occur once shear strains of~5 are reached regardless of the kinematic history, although there may be outliers for specific scenarios (Boneh and Skemer, 2014) . The largest variation, in all cases, is observed at smaller strains. Thus, the magnitude and the orientation of anisotropy may be an important indicator of strain rates in regions with strong gradients in the magnitude of strain (e.g., new transform faults, rift systems) or in the geometry of deformation (e.g., corner flow near mid-Ocean ridges, flow around slab edges at subduction zones).
Implications for interpreting seismological data sets
This discussion highlights two important predictions regarding upper-mantle seismic anisotropy that are revealed by laboratory experiments. First, the symmetry of anisotropy depends on the geometry of deformation and the integrated strain history, parameters that are rarely accounted for in interpretations of seismological data sets. Second, the strength, symmetry, and orientation of anisotropy should not be assumed to quickly reach a steady state, especially for deformation paths with changing kinematics.
Assumptions of certain symmetries are common in seismic studies. The Preliminary Reference Earth Model explicitly assumes transverse isotropy of the upper mantle (Dziewonski and Anderson, 1981) , as do many global seismic inversions (Ekstrom and Dziewonski, 1998; Nettles and Dziewoński, 2008; Panning and Romanowicz, 2006; Shapiro and Ritzwoller, 2002) . The upper mantle, however, does exhibit significant azimuthal anisotropy. This is especially true in the vicinity of ocean plates, where deformation kinematics are often dominated by directionally consistent shear of the underlying asthenosphere (e.g. Montagner and Tanimoto, 1991) . As much of the upper mantle exhibits azimuthal anisotropy, inversions that assume transverse isotropy will introduce a dependence on path coverage particularly over large regions such as the Pacific that represent a large fraction of upper mantle anisotropy (Auer et al., 2014; Ekström, 2011; Laske and Masters, 1998) . The choice to neglect azimuthal anisotropy is often necessary given the limited number of parameters that can be constrained by seismological data. Nonetheless, future efforts will continue to benefit from considering the implications of assuming transverse isotropy.
Shear-wave splitting measurements are also affected significantly by the symmetry of anisotropy. For example, several studies have noted that when the fastest wave-propagation direction is dipping, various symmetries of anisotropy can result in splitting directions that differ by up to 90° (Chevrot and van der Hilst, 2003; Skemer et al., 2012; Song and Kawakatsu, 2012) . Abt and Fischer (2008) , following a similar line of thinking, used shear wave splitting tomography to explore the three-dimensional distribution of shear wave splitting anisotropy, given various assumptions about hexagonal or orthorhombic symmetry and dipping interfaces (Abt et al., 2009 ). Due to the significant component of vertical flow expected near plate boundaries, regional studies should be strongly affected by assumptions about the symmetry and orientation of the anisotropy (Becker et al., 2006) . Although availability and density of seismological data fundamentally limit our ability to resolve general anisotropy, there is an opportunity for future studies to look specifically for spatial variations in the symmetry of anisotropy, which can be linked to variations in deformation geometry or the magnitude of deformation in a physically meaningful way.
The evolution of CPO is now recognized to be a protracted process that yields long transient intervals in which steady-state CPO and seismic anisotropy are not reached. Becker et al. (2014) demonstrated that, in a global sense, observed azimuthal anisotropy in the asthenosphere does not correlate well with the local direction of absolute plate motion, but it does correlate well with azimuthal anisotropy from a convection simulation coupled with a CPO evolution model. Thus, it is natural to conclude that the transient nature of CPO captured by the CPO evolution model is critical in predicting anisotropy. However, even when a CPO evolution model such as D-Rex is used, Becker et al. (2014) still find a poor correlation between flow models and observed anisotropy near plate boundaries where changes in kinematics occur over short spatial/temporal scales. This may reflect the fact that widely-used models such as D-REX do not properly capture the transient evolution of olivine CPO, especially when an initial texture is present (Boneh et al., 2015) . It may also reflect in part other complexities including intraplate deformation and along-strike mantle flow. There is, however, an opportunity to exploit the transient evolution of olivine CPO to assess rheological phenomena. For instance, Zietlow et al. (2014) used the spatial variation in the azimuth of shear wave splitting near the Alpine Fault in New Zealand to constrain gradients in strain rate and therefore make estimates of the rheological behavior of the upper mantle in that region. The obliquity that is preserved in the shear wave splitting data with respect to the geodetically constrained plate motion is consistent with the olivine A-type fabric, suggesting that water contents in the sub-lithospheric mantle may be relatively low (Skemer et al., 2012) . Because the symmetry, orientation, and strength of seismic anisotropy all vary as a function of strain, future seismological studies may be able to use heterogeneity in all of these parameters as proxies for the spatial distribution of deformation.
Summary and future challenges
Rock deformation experiments and natural observations of olivine CPO provide the conceptual framework for interpreting seismic anisotropy to determine mantle flow and for generating forward models of anisotropy from numerical models of mantle flow. Over the last fifteen years there have been major advances in the study of olivine CPO evolution and its relationship to seismic anisotropy. Nonetheless, interpreting seismic anisotropy in terms of mantle flow is still a non-unique problem and any individual measurement of seismic anisotropy can be interpreted in many ways. A significant challenge is that texture and any associated anisotropy accumulates slowly, and is strongly influenced by changes in deformation mechanisms, kinematics of deformation, or the thermodynamic state. This expands the spectrum of CPOs that may be found under given deformation conditions.
Agreement between forward models and observations in the centers of ocean plates suggests that the broader framework for interpreting seismic anisotropy is robust in cases where deformation is fairly simple. However the poor agreement between models and observations over shorter length scales and especially near plate boundaries implies a need for further exploration, both of the microphysics of rock deformation, and seismological methods.
Looking forward, advances are sought in new experimental data, advanced theoretical predictions of CPO evolution, and higher resolution seismological datasets. On the experimental side, efforts are needed to better understand the time-scales of transient texture evolution; these data are necessary to improve the parameterization of forward models of texture evolution. On the seismological side, further efforts are needed to improve the resolution of anisotropy methods to seek structure at a finer scale and to identify features of anisotropy that can be uniquely interpreted through the framework of experiments and theory. Further use of back-azimuth data to identify dipping (Chevrot and van der Hilst, 2003) or layered structures (Silver and Savage, 1994) , use of 3D approaches (Abt and Fischer, 2008) , and additional observation close to plate boundaries will be critical. Finally we encourage the complimentary use of forward and inverse modeling approaches to provide the greatest insight into the nature of mantle flow near plate boundaries.
